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One way to increase electric vehicle (EV) battery utilization is to connect it to 
a dc microgrid. The EV battery can assume the role of an energy storage from 
the grid point of view. A bidirectional DC-DC converter will be needed to 
transfer power between them back and forth. This paper proposes the 
converter design considering its functional objective, including interleaved 
phase number determination. Efficiency performance evaluation is presented 
by power loss analysis with the parasitic-parameters consideration of the 


Keywords: components. Finding optimum switching frequency based on power loss 
— ; analysis is performed independently between input and output sides of the 
Bidirectional ‘ : : 
converter. Finally, experiments using a scaled-down prototype are shown to 
Boost-buck converter verify the analytical analysis of the converter. The experimental results 
DC microgrid properly validate the power loss analytic analysis carried out in this paper with 
EV battery a maximum error of 2.04% at 1131-watt, 60 V battery voltage, and 140 V grid 
Losses analysis voltage. Maximum efficiency 96.97% is obtained at 301-watt, 130 V battery 
Multiphase voltage, and 151 V grid voltage. Overall, the converter has a simple structure, 
capable to be operated in various levels of input and output voltages with a 
minimum battery side current ripple. 
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1. INTRODUCTION 

Renewable energy sources (RESs) have been proposed to complement conventional energy sources 
(1.e., fossil fuel) anticipating today’s society problem such as global climate change. Various renewable energy 
is available in the form of, but is not limited to solar energy, wind energy, and hydro energy. Due to the sparse 
location and decentralized nature of RESs, sometimes it is reasonable to not directly send this energy to a main 
electrical grid. Instead, the energy will be utilized by a smaller form of electrical grid first to meet the local 
loads, only the excess or lack of energy of such small electrical grid will be compensated by the main electrical 
grid. Such a smaller grid is called a ‘microgrid’ in various literature [1]. It tends to gain higher reliability and 
more efficient electrical grid systems [2]. DC grid and microgrid can be combined into DC microgrid, which 
solves the distributed nature of RESs and energy losses due to DC to AC conversion stage [2]—[4]. Moreover, 
other advantages of DC microgrid have been resumed in [5]. One of them is easier to achieve good power 
quality than AC microgrid does, thanks to the absence of reactive power problems in DC microgrid [2]. 
Figure | shows an example of DC microgrid structure. 

One problem with RESs is that they are intermittent. There is a risk that energy from RESs cannot 
meet the required demand instantaneously due to intermittency. Different with conventional fossil-based 
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generation where the fuel is able to be stored, the generated electrical power can be dispatched accordingly. 
An energy storage system (ESS) is able to be used to store the excess generated energy from RESs then shift 
the stored energy to be utilized during low RESs energy generation to meet with the demand. In addition, ESSs 
that are usually assembled also help in stabilizing the DC microgrid. 

As already known, the development of electric vehicles (EVs) has grown massively. The article [6] 
shows that only about 5% of EV battery capacity were utilized for transportation purposes. Hence, the 95% 
remaining capacity potentially can be employed as an energy buffer for the DC microgrid ecosystems. When 
the vehicle is parked, the EV battery can assume the role of an ESS from the grid point of view. Moreover, 
once the batteries have reached their designated lifetime (i.e., underperformed), measures have to be taken to 
treat them [7], [8]. Disposing of many decommissioned EV batteries is no simple task. If not handled correctly, 
it will cause devastating effects on the environment. There are two ways to treat these underperformed batteries: 
recycling and reusing. Instead of completely throwing away these underperformed batteries, one can give these 
batteries a second life as an ESS in a DC microgrid. These two potential energy storages will give a significant 
contribution to stabilize the local grid or at least reduce the stationary energy storage size requirement. Indeed, 
when a lot of EV batteries integrated into the local grid-tied microgrid, this will contribute to the main grid 
stabilization. For example, some power management methods are capable of utilizing ESSs as virtual inertia 
in the case of lack of inertia on RES-dominated grid systems. 

Khaligh and Dantonio [9] investigated that trends in the propulsion battery voltage level are increasing 
to meet the increased capacity requirement. Nowadays, components for around 400 V battery voltage levels 
are well-established and already in the market, while the DC microgrid voltage level fluctuates at about 380- 
400 V as developed in Indonesia [5]. Battery voltage levels will also fluctuate based on the state of charge of 
the battery [10]. This voltage fluctuations of two sides in adjacent levels will cause voltage overlap, as 
discussed in [11]-[13]. Many references [14]-[16] discussed about bi-directional DC-DC converter but do not 
solve overlapping problems. Khan summarized a brief review of various buck-boost converter topologies 
suitable to address the overlapping issue for vehicle to grid (V2G) applications. There were two most suitable 
bidirectional power converter topologies as shown in Figure 2. Based on the type of energy tank, those 
converters are named as cascaded buck-boost capacitor in the middle (CBB-CIM) [12] as shown in Figure 2(a) 
and CBB inductor in the middle (CBB-IIM) as shown in Figure 2(b) [17], or simply called in this paper as 
boost-buck and buck-boost respectively. Then both topologies were compared in detail for some aspects. 
Overall, boost-buck has better performance than buck-boost, especially in the flexibility to apply an 
interleaving method. Buck-boost will need full-bridge configuration, while boost-buck just needs half-bridge 
configuration to apply the interleaving method. Moreover, there will be a circulating current problem in the 
input loop of buck-boost. Besides that, even though boost-buck has a higher component count, but it has higher 
overall efficiency than buck-boost has. 

On the other side, the main problem of an EV battery is its lifetime. Many factors influence the lifetime 
of an EV battery. One of these is the switching of the converter gives rise to the current ripple, which can cause 
capacity to fade and impedance to increase [18]-[20]. Meanwhile, as a power interface, the power converter 
will be needed if the EV battery is connected to the DC microgrid. The interleaving technique implemented to 
the converter can solve the current ripple problem [21]—[24]. 

This paper proposes a power converter to transfer power between EV battery and DC bus of the 
microgrid. Design procedure considering its functional objectives is described. Since the interleaving method 
is applied to address the current ripple problem of an EV battery, phase number determination is explained in 
this paper for the input and output sides of the proposed converter while utilizing the input-output independency 
of the converter. The switching frequency optimization is also evaluated independently for input and output 
sides of the converter. Switching frequency is optimized in terms of converter efficiency. With the optimum 
switching frequency of both sides of the proposed converter, the efficiency of the converter will be maximum 
since there is a trade-off between switching losses and component losses due to current ripple. The converter 
efficiency is evaluated based on the switching and conduction losses of each component. Different from Khan 
in [12], [13] and [25] apart from the converter application, this paper is more focused on the independency of 
two sides of the converter to gain more flexibility of converter design. Moreover, in this research, the converter 
parameters will be the same between calculation and experimental to get a matching validation. The parameters 
are obtained from the datasheets of the converter components in the experiment. 

The organization of this paper is the following, section 1 describes recent issues regarding EV battery 
and DC microgrid, section 2 describes the proposed converter and produces a generalized output-input voltage 
equation. Section 3 analyses component losses followed by phase number determination. Since switching 
frequency is optimized in section 4 for converter efficiency, component losses calculation is used for the 
analysis. As analysis validation, experimental results are presented in section 4. Analysis and experimental 
results are compared in output-input voltage gain, switching frequency optimization, converter efficiency, and 
total losses for load change. Finally, a conclusion is made in section 5. 
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Figure 1. DC microgrid 
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Figure 2. Bidirectional power converters: (a) boost-buck converter and (b) buck-boost converter 


2. BIDIRECTIONAL CASCADED MULTIPHASE BOOST-BUCK CONVERTER 

An interfacing converter between EV battery and DC microgrid is needed to transfer energy between 
them. Some preferable features of the converter are minimum current ripple for the EV batteries [18]-[20], and 
capable of transferring energy in both directions [12], [17] under EV battery and DC microgrid voltage level 
fluctuations. EV battery voltage can be higher or lower than DC microgrid bus voltage, or in some literature it 
can be referred to as overlapping input-output voltages. The converter’s efficiency is expected to be over 85% 
in overall operations. A simple non-isolated converter topology is more preferred for the proposed application 
in this paper, thus a cascaded-multiphase techniques is implemented into the design of the proposed converter. 
Figure 3 shows the generalized (unoptimized) proposed converter. The continuous output and input current of 
this circuit would be another important advantage. 

The proposed converter can be deconstructed into two parts: A-part and B-part. A-part has a function 
to minimize battery current ripple since it is directly connected to the EV battery. The B-part has a function to 
regulate power flow between EV battery and DC microgrid. The A-part role is realized by implementing 
multiphase (or in some literature is called as ‘interleaved’) topology. For battery current ripple minimization, 
the duty cycle of every leg of A-part is set to be a particular constant-value, which is influenced by the number 
of A-part phases or legs [21], [22], [24]. Meanwhile, the B-part’s duty cycle is allowed to vary depending on 
the desired power flow (charging or discharging the EV battery) and how fast the battery is charged or 
discharged. 

In Figure 3, the A-part consists of M-phases. Each phase consists of an inductor and a pair of switches 
in a half-bridge configuration. To achieve a minimum battery current ripple, the value of p/M is taken as a 
duty cycle for each leg in the A-part. Where M is phase number of A-part converter and p is a positive integer 
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no more than M — 1. The identical switching function of lower switches of each leg in the A-part has a phase 
angle difference of (360°)/M. This means that the A-part has a constant voltage gain. Caution must be taken, 
so voltage of the middle capacitor (C4)Vp is still in the range of (C,) capacitor and switches voltage rating. 

Referring to Figure 3, the B-part consists of N-phases. The same as the A-part, each phase of the B- 
part is consisted of an inductor and a pair of switches in a half-bridge configuration but in the opposite direction 
of their inductor. Taking advantage of the multiphase technique, the on-time of the lower switch of each leg in 
the B-part is also shifted by (360°)/N. The desired power flow rate and direction can be regulated by 
controlling the current flowing through B-part inductors Lz by changing B-part duty cycle D. 
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Figure 3. Generalized (unoptimized) proposed bidirectional cascaded multiphase boost-buck converter 


By exploiting the independent feature of the cascaded boost-buck converter, the design of the A-part 
and B-part is carried out separately. In designing the A-part, the objective is to find the number of phases (M) 
and value of the duty cycle p/M that cause the A-part to meet the EV battery and DC microgrid voltage 
specification but still retain the feature of battery current ripple minimization. In designing the B-part, the 
objective is to find the number of phases N that cause the B-part to meet the input-output voltage specification 
but nothing to do with current ripple minimization of current into DC microgrid. Besides power efficiency and 
current ripple value, another concern in designing both A-part and B-part is the component specification. Both 
A-part and B-part must be able to be realized using a common component specification. In short, an 
optimization to determine the value of M, p, and N of which objective is to obtain an optimum functionality 
of the proposed converter must be caried out. 

Assuming the current flow is the same as shown in Figure 3, A-part and B-part can be regarded as 
boost and buck converter, respectively. Assuming that the proposed converter is operated in continuous 
conduction mode (CCM) and all parasitic effects is ignored, the relationship between input (EV battery) and 
output (DC microgrid) voltage is given in (1). 

The effect of parasitic elements omitted in (1) can be included by considering voltage drop in each of 
switches and inductors. The voltage drop across X (be it insulated gate bipolar transistor or IGBT for Q-indexed 
or anti-parallel diode for D-indexed) Uy is given by (2). 


% =s2". (1) 
Uy = Vy + yRy (2) 


Where V,, V,, D, C are the average steady-state value of output voltage, input voltage, B-part duty cycle as a 
boost converter, and A-part duty cycle as a buck converter, respectively. 

The value of Uy as a function of operating average current Jy can be obtained from the output 
characteristic graph given in the datasheet of the IGBT (including anti-parallel diode output characteristics) by 
curve fitting. A simple linear regression approximation of Uy gives the parasitic parameters, Vy and Rx, an on- 
state voltage drop and resistance of the switches, respectively. The state-space averaging of each A-part and 
B-part in Figure 3 can be done separately. The state-space averaging of A-part when the switch is ON and OFF 
is given by (3) and (5). Similarly, the state space averaging of B-part when the IGBT is ON and OFF is provided 
by (4) and (6). 
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Where R,, and R,, are coil resistance of the A-part inductor (L,) and B-part inductor (Lg), respectively. C4 
and Cg are capacitance of A-part and B-part output capacitors, respectively. Vo4, Roa» Voas Roa; Vos; Ros: 
Vop, Rpg are explained in (2), while A-indexed and B-indexed are for A-part and B-part parasitic parameters. 
ig(t), Vm(t), ig (t), Vo (t), im(t), vi(t) and i,(t) are shown in Figure 3. The (3) and (4) can be turned into (7) 
by using state-space averaging [26]. The (5) and (6) can also be turned into (8) by using the same method. In 
(7) and (8) show the average steady-state values of i,(t), V(t), ig(t) and v, (t). Both (7) and (8) are obtained 
by combining (3), (4) and (5), (6) respectively in the steady state. 
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Where V,, 1,, Vin» Ig, V5, Im, and I, are the average steady-state value of v;(t), i,(t), Vm(t), ig(t), V(t), im(t), 

and i,(t), respectively. 
By substituting V,, 

accurate than (1). 


in (7) into (8), the relationship between V, and J is given by (9) and is more 


Pe a ee Cy, — Dh = 
Vo = a a-@2m HA 4-E@° 84 4-@2mM Roa — PVpa 
Dig i a Di = (1-D)ig 
eo maT Rpa 7 Rig — DVog pg — (A—D)Vpp - 7 *Rop (9) 


The output voltage expression of the generalized proposed converter in (9) describes a more realistic equation 
of the output voltage and it is always lower than the ideal output voltage in (1). If all parasitic components are 
ignored, or considered to be inexistent, then (9) turns back into (1), which is the ideal output voltage. 


3. LOSSES ANALYSIS OF THE PROPOSED CONVERTER 
3.1. Current analysis 

Parasitic elements existing in each converter components cause power losses. By calculating power 
losses in each component, power losses of the proposed converter can be obtained [27]. Currents through the 
inductor need to be defined to calculate power losses. The converter is assumed to be operated in CCM and the 
inductor is not saturated. The RMS inductor current can be defined in (10) constituted by average current (J;,) 


» 2 
and RMS value of current ripple ( ee ) The inductor current ripple (Ai,) is defined by (11). 


(10) 


(1) 
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ton is the time during which voltage V, is applied to the inductor. For the case of the generalized proposed 
converter in Figure 3, (10) becomes (12) and (14), and (11) becomes (13) and (15). 


eG ee) (12) 
ain = (7) (F) (13) 
inyms = (is +22) (14) 
dip = ("—*) (7) a) 


Where, iarms, larms; I,, Iz, Aig, Aig, f4, and fp are A-part and B-part rms value of inductor current, A-part 
and B-part average value of inductor current, A-part and B-part inductor peak-to-peak current ripple, A-part 
and B-part switching frequency, respectively. The relationship between averaged inductor current and input- 


- _i - _i , F : d - 

output voltage are [, = a and Ip = ro The relationship between output and input current is assumed to be J, = 
1-C\ > 

(Fr 


3.2. Inductor copper losses 

Besides coil DC resistance, current ripple flowing in each inductor also generates conduction losses 
due to skin-effect. Therefore, there is a resistance of AC. In this research, the AC resistance was measured at 
10 kHz, which is the desired value of the switching frequency operation. Inductor copper losses in the inductor 
Ly, (Pia) and Lp (P;g) are given by (16) and (17). 


7-2 Ai,” 

Pra=M (i, Riape + “* Risac) (16) 
—2 Aip? 

Pip =N (is Ripe + ~ Ripac) (17) 


Where, Rranc, Ria,ac> Rip,pc, and Ryg,4c are DC resistance and AC resistance of A-part and B-part inductor 
respectively. The DC resistance value depends on the length of the wire used, or the number of turns of the 
inductor, so it relates to the inductance of the inductor. The larger the inductance, the larger the DC resistance, 
and the higher the conduction losses produced. Conduction losses due to AC resistance is affected by the square 
rms value of the current ripple flowing through the inductor. The larger the current ripple generated, the larger 
the conduction losses due to AC resistance. The AC resistance can be reduced by using Litz-wire instead of 
single conductors. 


3.3. Core losses 

Inductor core losses (Pc, and Peg) can be calculated from peak-to-peak magnetic flux density AB in 
gauss (18) and operating switching frequency (f, and fg). Where, L,, N,, and A, are inductance in Henries, 
number of turns, cross-sectional area (cm’) of A-part inductor, respectively. The empirical-based expression 
of core losses in mW/cm? is shown in (19) obtained from the datasheet of the inductor core used. Where, f, is 
A-part switching frequency in kHz. 


a LaAi,xi10® 


AB, = Aa" (18) 
ABg \2:225 1.966 
Pea = ($4) (4.584 f, + 0.0238f,°°°)M (19) 


Thus, a higher peak to peak flux density and switching frequency will yield higher inductor core 
losses. From (18), inductor core losses are able to be reduced by reducing inductance or current ripple, or by 
increasing the number of turns or cross-sectional area of inductor core. In (18) and (19) are also applicable for 
B-part inductor core losses calculation. 
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3.4. Switch losses 
3.4.1. IGBT losses 

In this research, IGBTs are used as power switches. Due to parasitic elements present in IGBT, as 
shown in (2), conduction losses also occur in IGBT. Average conduction losses in each A-part (P94) and 
B-part (Pg) IGBT are given by (20) and (21). 


Poa = (Roal (In’ + 2°) + Voaloa) M (20) 
Pon = (RosD (Ip + ss") + Voslon) N (21) 


Derivation of the equations is well described in [28]. Where, Iga = CI, and Ion = DI,. On state 
voltage drop of the IGBT (Vg) multiplied by average current flowing (Ig) becomes part of the converter losses. 
As well as on state resistance (Rg) multiplied by the square of the rms value of current flowing (ims). Then 
the resistive losses are quadratically increasing to the increase in load current. 


3.4.2. Anti-parallel diode losses 

In general, a fast recovery anti-parallel diode is integrated into each IGBT. The average conduction 
losses in anti-parallel diode (Pp, and Ppg) can be calculated similarly as in IGBT. The equations are given by 
(22) and (23). 


Poa = (Roa —C) (’ + a) + Voalpa) M (22) 
Pop = (Roo( =D) (i + wie") + Voelpz) N (23) 


Where, Ip, = (1—C)J, and Ipg = (1 — D)Jp, the same with IGBT losses analysis, there is also quadratic 
resistive losses part produced by conducting diode. 


3.4.3. Switching losses 

Switching losses of the IGBT (P;, and Pg) and diode reverse recovery as a function of operating 
average-current can be obtained by curve fitting of switching energy loss graph given in the corresponding 
IGBT datasheet. The losses show the wasted energy when the IGBT is turned on or off and diode is turned off. 
Losses due to switching of IGBT are given by (24) and (25). 


Psa = (Fowa lipases | + Forealtgavas| + Exraltoarme| fa (24) 


Psp = (Eons ligevucl + Forealtenriel + Ban sltonrnsld te (25) 


Where, Eoy, Egor, and Epp are energy dissipated as a function of rms current flowing when the switch turned- 
on, turned-off, and the diode turned-off respectively. In general, the higher the switching frequency is, the 
higher the switching losses will be. 


3.5. Phase number determination of the proposed converter 

The phase number determination of the proposed converter is tied to the desired voltage specification 
of the converter and its input-output objects. To demonstrate the determination process, the specification of the 
EV battery is based on Tesla model S as in (https://www.evspecifications.com/en/model/89e4a4, accessed on 
Oct. 07, 2021). The operating voltage range of the EV battery is from 240 V to 400 V. The nominal DC 
microgrid voltage is 400 V and able to fluctuate from 350 V to 450 V [2]. The minimum power passing the 
converter is assumed to be 1440 W. This will be the criteria to choose the minimum inductance value to ensure 
that the converter will operate in CCM that is described in fourth part. The maximum power passing the 
converter is assumed to be 9600 W which is used to calculate the current rating of switches and inductors in 
fourth part. Table 1 shows all parameters needed to do the determination process. 

A particular constant-value is assigned as the duty cycle of the A-part switches. The relationship 
between constant duty cycle and the number of legs that give minimum current ripple has been discussed earlier 
in the previous section. The possible arrangements of the number of legs and duty cycle of A-part that cause 
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minimum battery current ripple are shown in Table 2. For simplification, idealized boost converter voltage 
ratio (26) is used to plot the value of V,, as a function of battery voltage V, variations that is shown in Figure 4. 


Vn =e (26) 


Table 1. Specification for converter optimization 


Parameter Value 
Battery voltage (V,) 240 — 400 V 
Middle capacitor voltage (V;,) 450 — 600 V 
DC microgrid voltage (V,) 350 — 450 V 
Power Maximum 9625 W 
Minimum 1440 W 
Minimum efficiency 85% 
Battery current Maximum 40.1 A 
Minimum 3.6A 
Current supplied to the DC microgrid Maximum 27.5 A 
Minimum 3.2A 


Table 2. Possible arrangement for a-part for converter optimization 
Arrangement No. | Number of A-part legs — Duty cycle 


I 2 0.5 
II 3 0.333 
I 3 0.666 
IV 4 0.25 
Vv 4 0.5, 
VI 4 0.75 


There are several borders in Figure 4. Horizontal dashed line borders indicate maximum allowed and 
minimum required value for the middle capacitor (C4) voltage V,,. The maximum value of V,, is decided based 
on the availability of capacitors and switches in the market. In this paper, it is preferred that every component 
to be loaded half of its maximum voltage rating. Since 1200 V capacitor is easily found in the market, the 
maximum allowed value of V,, is set to be 600 V. The minimum required value of V,, is determined from 
maximum DC microgrid voltage at 450 V. V;, have to be higher than the maximum DC microgrid voltage V, 
even when the battery is at its lowest voltage level to make sure the bidirectional power transfer to happen. 
Vertical dashed line borders indicate maximum and minimum value for EV battery voltage V. range as 
described in Table 1. 


Vm (Volt) 


vy = 300 — 400V 


| weewennenewecgesssesseshsenseccgeseseces 


Vi (Volt) 


Figure 4. The middle capacitor (C,) voltage V,, as a function of battery voltage V, variations 


Shown in Figure 4 and Table 2, phase number optimization can be concluded. For V, range from 300 
to 400 V, A-part duty cycle needs to be C = 1/3 so that V,, is in the range from 450 to 600 V. Arrangement II 
is chosen in this V, range. Arrangement IV is not chosen because one more leg will be needed and J, range is 
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narrower than V, range with arrangement II. For V, range from 240 to 300 V, A-part duty cycle needs to be C = 
1/2 so that V,, in the range from 450 to 600 V. Actually, arrangement I or V will be needed but arrangement 
II can still be used by disabling one of three legs and becomes arrangement I. Moreover, arrangement II can be 
utilized for lower voltage of V, from 150 to 200 V by setting 2/3 as A-part duty cycle C. One phase is sufficient 
for the B-part since its role is just to control the power flow direction of the proposed converter and has nothing 
to do with current ripple minimization. Then the proposed converter with phase number optimization is shown 
in Figure 5. 
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Figure 5. The proposed converter with phase number optimization 


4. EXPERIMENTAL RESULTS AND DISCUSSIONS 

The performance of the proposed converter was examined unidirectionally. A three-phase 
autotransformer and a rectifier with a capacitor filter were used as DC power supply for the converter. Some 
variable wire-wound resistors were installed in parallel as a DC load. Power was measured on both sides of the 
proposed converter using a power meter, as shown in Figure 6. A bidirectional power flow control is not shown 
in this paper, but it is discussed in another experimental research paper of detailed control method [29]. The 
power flow control can be done by varying the duty cycle of B-part (microgrid side) switches. 


3b Proposed 
380V Converter 


Figure 6. Experimental setup block diagram 


4.1. Converter specification 

Referring to Figure 5, a downscaled prototype of the proposed converter has been manufactured. The 
components used in this prototype determine its maximum working conditions. As an energy buffer, the middle 
capacitor C, is chosen to have large capacitance to minimize the voltage ripple of v,,. The large value of Cy 
capacitance makes the separation between A-part and B-part more valid, so the A-part and B-part can be 
regarded as independent. Four paralleled electrolyte capacitors, each rated at 47 uF, and four paralleled 220 nF 
film capacitor MKP or metallized polypropylene film capacitors types are used as middle capacitors C,. The 
capacitor voltage is rated at 450 V. Sendust type of toroid material with the series of KS200-060A is used as 
inductor core. By rough calculation, with the core mentioned, all inductors are capable of conducting an 
average-currents around 7 A for A-part and 21 A for B-part without being saturated. 

IGBT FGH40N60UFD with voltage rating and nominal current of 600 V and 40 A are used as 
switches of A-part of the proposed converter, while KGFS5ON60KDA with a rating of 600 V and 50 A are used 
for B-part. B-part switches have a higher current rating than A-part switches have because B-part has fewer 
phase numbers causing each switch in B-part to carry a higher current than each switch in A-part does. All 
IGBTs can accommodate maximum operating current of all inductors easily without overloading and can 
withstand the maximum operation voltage of C4, which is 225 V. Each chosen IGBT has been featured with a 
fast recovery anti-parallel diode. All parasitic values and characteristics of IGBTs and their anti-parallel diode 
can be found in their datasheet. 
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Table 3. Specification for scaled-down prototype 


Parameter Value 
Battery voltage (v;) 80-133 V 
Middle capacitor voltage (V,,) 150 — 200 V 
DC microgrid voltage (v,) 116-150 V 
Power Maximum 1605 W 
Minimum 240 W 
Minimum efficiency 85% 
Battery current Maximum 20.1 A 
Minimum 18A 
Current supplied to the DC microgrid Maximum 13.8A 
Minimum 16A 


For the limitation of middle capacitor voltage rating and inductor current rating, the specification of 
the proposed converter shown in Table 3 is scaled down from the actual specification shown in Table 1. From 
the phase number optimization process shown in Table 2 and Figure 4, the working duty cycle of the scaled 
battery voltage range, 80-100 V and 100-135 V are 0.5 and 0.333, respectively. Then the C, maximum voltage 


is 202.5 V (135 X ——). 


1-0.333 
Since the proposed converter is intended for bidirectional energy transfer, all inductors are designed 


so the proposed converter can still operate in CCM on low currents. The critical condition between CCM and 
discontinuous conduction mode (DCM) operations happens when the value of minimum inductor current [jnin 
is zero ampere. Then the critical condition of inductor conduction generally can be determined by critical 
inductance (L,,;,) in (27) for the DC-DC boost converter. When I,,;n is 0 A, the input average-current of DC- 
DC boost converter (Igyg) iS Imax/2. Each inductor is designed so that the proposed converter can work in a 
worst-case scenario from Table 3. When the proposed converter operates in battery average-current as low as 
1.8 A, each inductor will be conducting an average-current of 0.6 A. Minimum scaled version of battery voltage 
is 80V when A-part duty cycle is at 0.5. All IGBTs are assumed to be operated at 10 kHz. Therefore, the critical 
inductance of the A-part inductor calculated with (27) is 3.33 mH. (27) also applicable for B-part inductor 
calculation by assuming DC microgrid voltage as input V;. The worst-case of B-part is when V; is minimum at 
116 V and C is maximum at 0.5. Then the critical inductance for the B-part inductor is 1.82 mH. 


CV] (27) 


Parameters of customized hand-made inductors were measured using Sanwa LCR700 at a frequency of 10 
kHz. The inductance and DC and AC series resistance of each A-part inductor is around 4.225 mH, 
0.44 Ohm, and 0.845 Ohm, while for B-part inductor is 2.099 mH, 0.22 Ohm, and 0.462 Ohm. 


4.2. Battery current ripple 

The input current, together with each of the A-part inductor currents shown in Figure7, was captured 
using oscilloscope through LEM current transducers. To capture a triangle-wave of the inductor current, a low- 
pass noise filter was not used. Consequently, there are a lot of spikes captured, as in Figure 7. There is almost 
identical current ripple in each A-part inductor that phase shifted almost evenly so that theoretically these 
current ripples will cancel each other. Battery current ripple minimization by multiphase technique is confirmed 
by the absence of currents ripple due to IGBT switching in the battery currents. Minimum current ripple at A- 
part input is achieved when the duty cycle of this part of the converter is kept constant at a value of either 1/3 
or 2/3. 


Battery Currents 


A-part inductor currents 


Figure 7. Battery current and a-part inductor current waveforms 
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4.3. Output-input voltage gain 

Load resistance and duty cycle of B-part switches were set to obtain output current of 2 A and 8 A. 
Experimental and calculation of voltage ratio in terms of B-part duty cycle (D) variations and constant output 
current at 2 A and 8 A are shown in Figure 8. It shows that the analytical calculation of voltage gain is validated 
by experimental results with some tolerated differences. The input (representing a battery) voltage was set to 
130V and 60 V when C = 1/3 in Figure 8(a) and C = 2/3 in Figure 8(b), respectively. This distinction is 
required to keep the CA voltage under its maximum designated value of 225 V. This part of the experiment 
showed that the proposed converter could accommodate a lower battery voltage by only changing the A-part 
duty cycle C to be 2/3. The wide input range made the proposed converter suitable for various voltage ranges 
of ESSs. Besides that, the main feature of the proposed converter, bidirectionally buck-boost operation, is also 
shown in Figure 8. When the voltage gain is less than unity, the proposed converter works as a buck converter. 
Reciprocally when the voltage gain is more than unity, the proposed converter works as a boost converter. 


4.4. Switching frequency optimization 

By analytical calculation in third part, switching losses on IGBT will be increasing as switching 
frequency is increased, as shown in (24) and (25). However, current ripple due to IGBT switching will be 
decreasing due to the lesser conduction time of the IGBT to charge the inductors, as shown in (12)-(15). Current 
ripple contributes to the power losses of each component, as analysed in third part. Therefore, there is a trade- 
off in the determination of switching frequency to the converter efficiency. 

By this part of the experiment, the switching frequency was varied to see its influence on the proposed 
converter efficiency. The experiment was done by keeping one part of the proposed converter at a constant 
frequency while the switching frequency of the other part was varied. The output current was also varied by 
varying load resistance. Figure 9 shows that experimental results have validated the calculation results of the 
proposed converter efficiency for switching frequency variation. Figure 9(a) shows the results of the proposed 
converter efficiency when the B-part switching frequency (fg) was kept constant, and Figure 9(b) when the A- 
part switching frequency (f,) was kept constant. Both Figure 9(a) and Figure 9(b) show experimental and 
calculation results of converter efficiency at different output current (5 A and 8 A). As a result, the converter 
has an optimum efficiency when f, nor fg are around 10 kHz. 
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Figure 8. Calculation and experimental result of output-input voltage ratio at (a) C = 1/3 and (b) C = 2/3 
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Figure 9. Calculation and experimental results of efficiency for Io 5 A and 8 A (a) in terms of f, variation 
with fixed fg at 10 kHz and (b) in terms of fg variation with fixed f, at 10 kHz 
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4.5. Converter efficiency 

The comparison of calculation and experimental efficiency of the proposed converter to different load 
power levels is shown in Figure 10. The value of € and D were also varied. It shows that efficiency analysis 
has been validated with the experimental results since they are in a similar trend. As the power increment, the 
converter experienced a deeper efficiency drop when the value of C was 2/3 in Figure 10(a) than when it was 
1/3 in Figure 10(b). This is due to the increase in current flow for a higher value of C following the efficiency 
analysis in third part that the losses from all components are directly proportional to the working current. Even 
for resistive parasitic components, the increase in losses is quadratic. 


4.6. Converter total losses 

Instead of efficiency, the experimental results can also be represented in Figure 11 in terms of total 
losses, where in Figure 11(a) for A-part duty cycle 2/3 and in Figure 11(b) for A-part duty cycle 1/3. The 
comparison in Figure 11 shows that experimental results validate the component losses analysis in third part. 
Therefore, power losses contributed by each parasitic component with different load power levels can be 
represented as in Figure 12. From Figure 12(a), the series resistance losses (PL) of the inductor increase 
quadratically with the increase in load, but for losses from other parasitic components, the quadratic character 
is not visible. This is caused by the relatively high series resistance of the inductor, while the IGBT and diode 
resistance is relatively small. It would be different if the switch used were a silicon MOSFET where the drain- 
source resistance is usually higher than the IGBT has. As shown in Figure 12(b), starting from the input power 
of about 420 watts, the portion of losses from the series resistance of the inductor are 25% and quadratically 
increasing to 48% when the input power is 1200 watts. For that reason, the efficiency can be increased 
significantly by decreasing the series resistance of the inductor. This can be achieved by increasing the cross- 
sectional area of the inductor wire or reducing the inductance. Increased efficiency can also be obtained by 
using new material types of switches such as SiC and GaN-based switches. The portion of core losses has a 
low contribution on total converter losses. It shows a margin to optimize total inductor losses that have a trade- 
off between core losses and inductor conduction losses. This will be conducted in the next investigation. 
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Figure 10. Efficiency on power load change for some value of D with (a) C = 1/3 and (b) C = 2/3 
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Figure 11. Total losses on power load change for some value of D with (a) € = 1/3 and (b) C = 2/3 
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Figure 12. Contribution on total losses in terms of power load change (a) in % and (b) in watt 


5. CONCLUSION 

An optimized cascaded multiphase bidirectional boost-buck converter has been proposed. A scaled- 
down prototype has verified battery current ripple minimization and output-input overlapping voltage 
operation. In the power range between 60 W to 1850 W, the minimum efficiency is 91.7% for C = 1/3 and 
87.31% for C = 2/3 and the maximum is 96.97% can be achieved. Overall, the experimental results have 
validated the analytical calculation given in this paper. The proposed converter is well suited to the bidirectional 
application for EV battery interface. A bidirectional power flow control can be done by varying the duty cycle 
of B-part (microgrid side) switches discussed in another experimental research paper of detailed control 
method. Efficiency improvement of the proposed converter by component parameter optimization, especially 
by inductance reduction or even operated in discontinuous conduction mode (DCM), will be covered in the 
next investigation. 
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